Here, we used a dataset of nearly 2 million common SNPs identified by whole-genome 20 sequencing of 202 accessions from the highly selfing annual legume Medicago truncatula to 21 identify and investigate the population genetics of the molecular targets of adaptation to climate. 22 We used mixed linear models to identify SNPs associated with the three climate variables that 23 capture the greatest proportion of variance in climate across the range of M. truncatula-annual 1 mean temperature (AMT), precipitation in the wettest month (PWM), and isothermality (ITH). 2
This approach is conceptually similar to the logistic regression analyses of Joost et al. (2007) or 3 Yang et al. (2012) except that we treated the environment, rather than the SNP gentotypes, as the 4 response variable. Using the environment as the response variable and SNPs as potential 5 explanatory variables facilitated controlling for confounding effects of population structure using 6 a kinship (K-) matrix of relatedness as a covariate. While the climate experienced by a plant 7 accession is certainly not caused by its genotype, we assume that climate variation is a proxy for 8 one or more unknown phenotypes that mediate adaptation to climate. Our analysis can therefore 9 be considered a "reverse ecology" approach to identify loci that may underlie adaptation to clinal 10 climate variation without prior knowledge of specific traits mediating that adaptation (Ellegren 11
2008; Li et al. 2008). 12
We examined the 100 SNPs showing the strongest association with each climate variable 13 as candidates underlying adaptation to climatic conditions. We used BLASTX (Altschul et al. 14 1990 ) searches against the Arabidopsis thaliana genome, to see whether candidate SNPs tagged 15 genome regions with high sequence similarity to A. thaliana genes having documented roles in 16 climate adaptation phenotypes. We also grew an independent sample of M. truncatula accessions 17 in controlled conditions representing extremes of temperature and soil moisture in the native 18 range, and tested for a correlation between genotypes at candidate SNPs and performance in the 19 growth experiment. Finally, using nucleotide diversity in genomic windows surrounding 20 candidate SNPs to characterize the selective history of candidate regions we tested the 21 hypothesis that candidate SNPs have evolutionary histories differing from the rest of the genome. 22 We found that candidates for AMT and PWM are significantly more likely to lie in genes than 23 randomly drawn reference SNPs. In comparison to regions flanking a reference sample of 10 (Table S1) PWM; we therefore transformed the raw Bioclim values for these variables using a Box-Cox 13 procedure, using longitude as a covariate, resulting in a distribution of P values similar to 14 expectations (based on Q-Q plots). 15 To reduce the chance of identifying false associations due to population structure, we 16 conducted association analysis with only those SNPs that had MAF ≥ 10%, and used a kinship 17 Figure S2 ). Many candidate SNPs identified using the K-matrix-controlled mixed linear 2 model, however, were also among the top-associated SNPs identified by simple linear models 3 (data not shown). 4 For each of the three climate variables, we identified the 100 SNPs with the highest -5 log10(p) values for association, and for subsequent analyses considered these as candidates 6 underlying adaptation to that climate variable (Table S2 ). The focus on the 100 SNPs with 7 smallest P-values-rather than those meeting a pre-determined P-value cutoff-may increase the 8 risk of including false positives in the pool of candidates while at the same time likely missing 9 many genes, perhaps thousands that contribute to variation in polygenic traits. If we had focused 10 only on SNPs having effects below a stringent P-value cutoff we would have risked excluding 11 loci of smaller effect. The net effect of false positives among the top 100 candidates should be to 12 weaken evidence for selection acting on the candidate SNPs as a group, because false positives 13
should have population-genetic characteristics that are similar to the genomic background. Thus, 14 our more inclusive candidate pool makes our subsequent tests for differences between candidate 15
SNPs and randomly-selected reference loci more conservative. selection has shaped diversity in genomic regions flanking candidate SNPs we examined patterns 7 of nucleotide diversity in 10,000-base (10kb) regions centered on each of the 100 candidate 8
SNPs for each climate variable. For each 10kb region we calculated two measures of nucleotide 9 diversity: the number of segregating sites per site, θ W (Watterson 1975) , average pairwise 10 differences per site, θ π (Nei 1987 ) in the entire sample ("total"), the haplotypes carrying the less 11 common (minor) allele, and the haplotypes carrying the more common (major) allele at the 12 candidate SNP. We characterized differentiation between the 10kb windows flanking the major 13 and minor alleles at each candidate SNP using F ST (Wright 1940 ), which we calculated as the 14 mean of F ST values calculated for each SNP segregating in that window. 15 Finally, we tested the hypothesis that regions containing the candidate SNPs had recently 16 experienced a selective sweep using the H12 statistic of Garud et al. (2013) . H12 is a haplotype-17 based statistic that is equal to the square of the sum of the frequencies of the most-common and 18 second-most-common haplotypes, plus the sum of the squares of the frequencies of each other 19 unique haplotype. The statistic scales between 0 and 1, with values closer to 1 indicating that one 20 or two haplotypes dominate the sample, consistent with the effects of a recent selective sweep. 21
The H12 statistic has the advantage that it can robustly detect both classical "hard" sweeps, in 22 which a single haplotype dominates the sample, as well as "soft" sweeps of multiple favored 23 analyzed were originally collected at sites from western Morocco to central Turkey ( Figure 1 ; 4 approximately 5,000 kilometers east to west) and from southern France to the African 5
Mediterranean Coast (approximately 2,000 kilometers north-south). Climatic conditions across 6 this range separated along four principal components (PCs) that together accounted for 91.4% of 7 variation in the climactic conditions from which our accessions were originally collected. In 8 order for our results to have clearer biological interpretation, we worked with the Bioclim 9 variables having the largest loadings on each of the first four PCs rather than the PC axes 10 themselves. 11
Annual mean temperature (AMT) and isothermality (ITH) were the major loadings on 12 PC1 and PC4, accounting for 45.6% and 7.5% of total variation, respectively. The major loadings 13 on PC2 and PC3 (25.0% and 23.5% of total variation, respectively) were precipitation in the 14 wettest month (PWM) and precipitation in the coldest quarter (PCQ). SNPs (P = 0.0093). We observed that candidate SNPs for AMT and PWM were more likely to lie 5 in annotated genes than expected by chance: 51% of AMT candidates and 41% of PWM 6 candidates, compared to 31.7% of the reference sample (P < 0.0001 and P = 0.031, respectively, 7 based on 10,000 random samples of 100 SNPs from the reference set of 10,000 SNPs). By 8 contrast, just 30% of ITH candidates are genic, which is not significantly different from the 9 reference sample (P = 0.68). Of AMT candidates, 8% are in annotated transposable elements, 10 which is not significantly different from the reference sample (P = 0.42). None of the PWM 11 candidates are in transposable elements, which is not seen in any randomly drawn set of 100 12 reference SNPs. Of the ITH candidates, 13% are in transposable elements, significantly more 13 than expected based on the reference sample (P = 0.024). 14 
15
Functions of candidate genes: Among the 300 candidate SNPs, 122 were within 16 annotated genic regions (coding sequence or intron) and these 122 SNPs tagged 62 unique genes 17 in the Mt3.5 genome annotation ( (Figures S3-5 ). Pairwise plots of linkage disequilibrium (LD) among 4 candidates ( Figures S6-8 ) reveal that candidate SNPs in these clusters are more strongly linked 5 than candidate SNPs in general. We also expected that candidates for the same climate variable 6 would tend to be in stronger LD with one another than non-candidates, simply because the 7 alternate alleles of candidate SNPs are, by definition, all strongly associated with the same 8 candidate variable. Indeed, the median D' estimate for each of the three sets of candidates was 9 greater than the median of the median D' for 30 randomly-drawn sets of 100 reference SNPs; and 10 the median linkage among PWM and ITH candidates was greater than the median for any of the 11 randomly-drawn sets of reference SNPs (Figure 2) . Figure S9 ). 22
Diversity and differentiation in regions flanking candidates: We compared summary 1 statistics from 10kb segments of sequence centered on each candidate SNP to statistics from 2 10kb segments centered on each of the 10,000 randomly drawn reference SNPs using one-tailed 3
Wilcoxon sign-rank tests. Because candidate SNPs for ATM and PWM differed from the 4 reference sample in the proportion of genic SNPs, we also separately compared genic candidates 5 to genic reference SNPs, and intergenic candidates to intergenic SNPs. We found that 6 comparisons based on θ W and θ π were qualitatively similar (θ π reported in Table S4 ). 7
Regions flanking candidates for all three climate variables differed significantly from 8 regions flanking reference SNPs, though not in the same manner. Compared to the reference 9 sample, candidate SNPs for AMT had reduced nucleotide diversity in haplotypes carrying the 10 minor allele (θ W , minor; Table 1 , P = 0.0041), and greater differentiation between backgrounds 11 carrying the alternate alleles (F ST ; Table 1 , P = 0.0064). They had also experienced stronger, or 12 more recent, selective sweeps, as indicated by elevated H12 (Table 1 , P = 0.032). We found 13 similar and stronger patterns for PWM candidates. They had reduced nucleotide diversity in all 14 backgrounds considered together (θ W , total; Table 1, P < 10 -4 ), in major allele backgrounds 15 (P < 10 -4 ), and in minor allele backgrounds (P < 10 -4 ), as well as elevated differentiation between 16 backgrounds (P = 0.045) and greater haplotype frequency distortion (P < 10 -4 ). The differences 17 between AMT and PWM candidates compared to reference SNPs were largely due to differences 18 in regions flanking genic candidates. Intergenic AMT candidates were not significantly different 19 than intergenic reference regions for any of the summary statistics (all P > 0.25, Table 1 ). 20
Intergenic PWM candidates did not differ from reference regions in either F ST or H12 (both 21 P > 0.2, and differences in diversity between intergenic PWM candidates and intergenic 22 reference regions were both smaller and statistically less significant (Table 1, Figure 3) . 23 In contrast to AMT and PWM candidates, regions flanking ITH candidates had greater 1 nucleotide diversity, similar differentiation between minor and major allelic backgrounds (F ST ) , 2 and lower than expected frequencies of common alleles (i.e. lower H12, Table 1 , Figure 3) , 3 compared to regions flanking the 10,000 randomly drawn reference SNPs. Moreover, unlike 4 AMT and PWM candidates (where differences from reference sample were driven by genic 5 SNPs) differences between ITH candidate and reference sample were primarily due to SNPs in 6 annotated intergenic regions. 7 8
DISCUSSION 9
Local and clinal adaptation, which is pervasive in natural populations, has been a long-10 term focus in evolutionary ecology, and is probably important in shaping intraspecific diversity. 11
We used mixed linear models to search nearly 2 million single-nucleotide polymorphisms 12 assayed in more than 200 accessions of Medicago truncatula for candidate loci that may be 13 responsible for local adaptation along clines in temperature, precipitation, and seasonality 14 (Bradbury et al. 2007 ; Zhang et al. 2010 ). This approach let us scan for genome regions that 15 might underlie adaptation to climate without making assumptions as to which phenotypes 16 mediate this adaptation. The candidates we identified tagged annotated genes with high sequence 17 similarity to genes with roles in climate adaptation and pathogen defense in Arabidopsis thaliana 18 and other taxa. For two of the three climatic gradients, AMT and PWM, candidate SNPs were 19 significantly enriched for genic regions, and candidates for these variables predicted performance 20 in an independent sample of accessions grown in controlled conditions ( Figure S9 ). Finally, 21
candidates for all three lay in regions with patterns of nucleotide diversity that differ from 22 genomic expectations (Table 1; Figure 3) . Defense-related genes may be involved in adaptation due to indirect effects of temperature and 23 precipitation on pathogen occurrence and pathogen pressure can be strongly affected by 1 temperature and precipitation. The homologs of several other Medicago genes tagged by 2 candidate SNPs also have established functions that are consistent with direct roles in mediating 3 response to temperature, drought, or pathogens-all of which are likely to be affected either 4 directly (thermotolerance and water availability) or indirectly (pathogen pressure) by the climate 5 variables we studied ( Table 2) . 6 We also found that alleles associated with higher temperature and rainfall at AMT and 7 PWM candidates predicted the performance of an independent sample of plant lines grown in 8 controlled conditions representing the upper range of temperature and soil moisture found in the 9 native range ( Figure S9 ). This is consistent with an adaptive role for these alleles, or variants 10 linked to them, in relation to temperature and precipitation. Evaluation of the candidates could be 11 further bolstered if we knew the specific phenotypes that are responsible for adaptation to the 12 climatic variables we studied, assuming that populations are locally adapted to climatic 13 conditions. 14 Although empirical data on traits that mediate adaptation to climate at the range-wide Figure S1 ). Given the magnitude of these 23 correlations, it may not be surprising that there is no overlap between flowering time candidate 1 loci identified by GWA (Stanton-Geddes et al. 2013) and the candidate loci we identified. 2
Another phenotype likely mediating adaptation to climate in M. truncatula is drought tolerance, 3 which is understood to be important for clinal adaptation in Mediterranean habitats (Grivet et al. 4 2011) and we did identify several climate candidates with possible roles in drought tolerance 5 (Table 2 ). However, no functional genetics or GWAS study has independently identified loci 6 underlying drought tolerance in M. truncatula, so we have no independent confirmation for a 7 role of drought tolerance. substitutions occur in the same gene region, and elevated LD between physically unlinked 22 markers can be created when multiple loci contribute to variation in a phenotype under selection 23 (Berg and Coop 2013) . However, these outcomes also mean that our candidate sets are 1 nonrandom samples of 100 SNPs, which may contribute to differences in diversity and 2 differentiation for genome segments flanking candidate SNPs, compared to randomly sampled 3 reference SNPs. Indeed, when we filtered our sets of 100 SNPs to include only candidates at 4 least 20kbp apart, we found that these reduced sets of "independent" candidates differed less 5 significantly from the reference SNPs-although this may also be an effect of smaller sample 6 size. 7
8
Nucleotide diversity and differentiation: Candidate SNPs for adaptation to AMT and 9 PWM, but not ITH, are enriched for genic regions (Table 1 ). This is expected if adaptation 10 primarily proceeds through changes in protein-coding regions (Hancock et al. 2011). The AMT 11
and PWM candidates also lie in regions harboring less nucleotide diversity, greater 12 differentiation between alternate alleles, and an enrichment of common haplotypes (elevated 13 H12), compared to randomly drawn reference SNPs (Table 1) . Candidates for ITH also lie in 14 regions differing significantly from the reference sample, but in the opposite direction: ITH 15 candidates are in regions with greater nucleotide diversity, have lower H12 than the reference, 16 and show no elevated differentiation between allelic backgrounds (Table 1) . 17 Because M. truncatula genes harbor lower diversity and presumably experience stronger 18 purifying selection than non-coding regions (Branca et al. 2011), the candidate SNPs for AMT 19 and PWM may differ from randomly selected reference SNPs simply because of the greater 20 representation of genic SNPs among the candidates. However, separating the candidate to 21 reference comparison on the basis of whether SNPs were in annotated genes revealed that 22 differences between both AMT and PWM candidates compared to reference SNPs are due almost 23 entirely to regions flanking genic SNPs. Genic AMT candidates show reduced diversity and 1 increased differentiation relative to genic reference SNPs whereas intergenic candidates did not 2 differ from intergenic reference SNPs (Table 1, Figure 3) . Similarly, genic PWM candidates 3 differed from genic reference SNPs more strongly than intergenic candidates differ from 4 intergenic reference SNPs (Table 1, Figure 3) . In contrast, differences between ITH candidates 5 and the reference sample are due to intergenic regions (Table 1, Figure 3) . 6
The lower nucleotide diversity, especially in the minor allele background, seen for AMT 7 and PWM candidates may be due at least in part to stronger than average purifying selection, 8 which is expected when two separate allelic classes are favored under different climatic 9 conditions and mutations in either allelic background are selectively disadvantageous 10 (Charlesworth 1998). Alternatively, lower diversity in the minor allele background may reflect 11 partial sweeps due to recent adaptation. This seems possible for both the PWM and AMT 12 candidates as the minor allele harbors significantly less diversity than expected (θ W , minor, in 13 Table 1 ) and an excess of common haplotypes as reflected in elevated H12. Both locally 14 restricted purifying selection and local sweeps would be consistent with the elevated 15 differentiation we see between the alternate alleles of genic candidates for AMT and PWM (F ST , 16 Table 1 ). Lower nucleotide diversity in regions flanking SNPs most strongly associated with 17 climate variation is, however, inconsistent with adaptation that maintains two alternative alleles 18 through balancing selection (Nordborg et al. 1996; Hedrick 2006) . In contrast to patterns seen in 19 candidates for AMT and PWM, regions containing the candidates for ITH have greater 20 nucleotide diversity than expected. Elevated diversity may be consistent with local or clinal 21 adaptation maintaining higher diversity (i.e. balancing selection) however, the minor and major 22 allele backgrounds show no evidence of elevated differentiation between allelic backgrounds, 1 which is also expected under that scenario (Table 1 we used whole-genome data, so the lack of evidence for strong balancing selection on genes 23 responsible for adaptation along environmental clines, a form of local adaptation is unlikely to be 1 the result of failing to examine phenotypically important loci. It is possible that we fail to find 2 evidence for balancing selection because balancing selection is very difficult to detect for genes 3 underlying polygenic traits, and adaptive traits are often polygenic (Holeski and Kelly 2006; 4 Chevin and Hospital 2008; Messer and Petrov 2013). However if this were the reason we would 5 not expect to find that diversity in the genomic regions flanking candidate SNPs differ from the 6 rest of the genome. We therefore conclude that our results are most consistent with a history of 7 adaptation to climate variation via selection on polygenic traits, which proceeded in locally 8 restricted soft sweeps. As genomic data from range-wide samples become available for more 9 species, it will be possible to determine if soft sweeps are the typical mode of adaptive evolution 10 at genes underlying adaptation to climatic gradients. Table 1 gives the number of SNPs in each of these sets. P-values in each panel are for a 18
Wilcoxon sign-rank test of the hypothesis that the median statistic for the candidate set is greater 19 or less than the median for the reference set. 
